The papers presents a new paradigm for understanding ßutter and ßapping ßight. The paradigm integrates aeroelastic interactions with applied and induced propulsive effects. The framework is based on conservation of energy. Energy produced, energy lost and/or work done due to structural vibration, aerodynamic wake and propulsion are taken into account. It is conclusively shown that there exist three types of modes in an aeroelastic system, viz., i) unstable (ßutter) mode producing drag, ii) stable mode producing drag, and, iii) stable mode producing thrust. It is also shown that the ßutter region (in terms of the relative phase of the pitch and plunge) is separate from the thrust-producing region. For the case of a two-dimensional airfoil these regions are tangential to each other and have a common "neutral" point. The efficiency of ßapping ßight and occurence of ßutter is further investigated. Finally, the possibility of a limit-cycle oscillation due to constant thrust ßight is presented.
Introduction
The objective of the present work is to investigate the energy transfer pathways that form the basis for aeroelastic ßutter and ßapping ßight. The focus is to study both phenomenon in a common framework, compare them for similarities and learn from the holistic perspective.
Most of the research in the available literature has focused on either wing ßutter or ßapping ßight. Most of the aeroelastic research has been conducted using various aerodynamic and structural models without much regard to the energy aspects of the problems (some exceptions include work by Nissim, 1 Horikawa and Dowell, 2 Bendiksen 3 ). On the other hand, the research on ßapping ßight has almost always used energy concepts along with various aerodynamic modeling techniques (see for example Garrick, 4 DeLaurier, 5 Pendaries 6 ). Most of the ßapping ßight research though has been conducted without considering the structural part in detail, in part because much of the research was conducted on rigid bodies in which motion could be easily prescribed.
A holistic view of the elastic wing behavior while interacting with ßow is required. It should be able to analyze both wing ßutter and ßapping ßight, and is expected to be helpful in further understanding both of those. This forms the motivation of the present research.
Energy Considerations
The prevalent perspective (present in most textbooks and research papers explaining ßutter) on energy considerations in aeroelastic instability investigation can be summarized as shown in Fig. 1 . Using this view it is easy to see that for a ßuttering mode the energy is transferred from the ßow to the structure while for a stable (aerodynamically damped) mode the energy is transferred from the structure to the ßow, i.e., energy has to be added to the structure from external sources to maintain a level of oscillation. The amount and direction of energy ßow is dependent on the phase difference between the generalized force and corresponding generalized speeds.
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Though accurate, this view of energy ßow is quite incomplete. Such an energy transfer mechanism seem to incorrectly indicate that at ßutter, since the energy is transferred from the ßow to the structure, the energy of the ßow is decreasing. Such conclusions are far from the truth. (Exception should be made here for a ßutter in a wind tunnel where the ßow energy does decrease.) In fact, it can be easily shown by calculating the energy of the wake that even at ßutter, energy is released into the ßow and the ßuid energy increases. Thus a better explanation of the energy ßow in aeroelastic system is in order.
The view point of the present paper comes from including all the energy sources/sinks of the complete aircraft and is summarized in the Fig. 2 . It shows three cases. Case (1) denotes a ßuttering mode. Here we see that for ßutter to occur the energy comes from the propulsion (though via the ßow). It should be noted that this propulsive energy is in addition to what is required to maintain the trim condition, i.e., to get over the viscous drag (and induced drag due to trailing vortices). Another way of understanding the increased requirement on propulsive energy is that there is an increase in the drag of the system. Thus, as the system goes into ßutter there is an increase in the drag on the system. This quite important conclusion has not been reported in the literature and forms an important "piece" of the ßutter "puzzle." Due to the increase in drag, more thrust is required to maintain the ßight speed and thus propulsive energy has to be expended. The repercussions of having a constant propulsive energy source (instead of the assumed constant speed) are quite drastic and will be discussed in a later section.
The other possibility is that the mode is damped, in which case the energy has to be provided by the structure to maintain constant level of oscillations. Since, the energy is always released in the wake, one can now have two possibilities, case (2) propulsive energy is also expended, i.e., there is an increase in drag, or, case(3) some of the energy put into the system via the structure is converted to propulsive energy, i.e., the structural vibrations leads to thrust. Thus, case(2) denotes a damped, drag producing mode, and case(3) denotes a damped, trust producing mode, the ones which are studied in ßap-ping ßight research.
Thus the present view of the energy ßow leads to three kinds of modes, viz., 1) unstable mode with increase in drag (ßutter mode), 2) stable mode with increase in drag, and, 3) stable mode generating thrust (ßapping ßight mode). It can now be seen that there cannot be an unstable mode which generates thrust, because such a mode leads to increase in all the energies implying production of energy out of nothing.
It is thus clear from the present paradig that the ßutter mode and the ßapping ßight mode are just two types of the same problem. These modes though have a completely different modal energy transfer mechanism and in a sense are quite opposite to each other. In ßutter, propulsive energy is transferred to the structure, while in thrust mode, energy introduced through the structure is converted to propulsive forces. In both the cases aerodynamic energy is wasted through the shed wake. The aerodynamics though is the medium through which this transfer of energy takes place and the dissipation of energy into ßow is an expected loss in the energy conversion process. A simple example is now presented to highlight this paradigm and help in its further understanding
Example
Let us consider as an example a 2-D airfoil oscillating in pitch and plunge. Using von Karman and Burgers, 8 Theodorsen, 9 and Garrick, 4 one can write the expression for the lift (L), moment (M ), drag (D) and circulation (Γ) as,
where, h and α are the midchord plunge and pitch angle, ρ, b, U are the air density, semi-chord, airspeed respectively, and C(k) and H(k) are functions of the reduced frequency k = ωb U and can be expressed in terms of Bessel functions as,
Assuming sinusoidal variation in the pitch and plunge as,
the rate of change of the various energies averaged over one oscillation can be written in the nondimensional form as,
where, W s denotes the energy extracted from the structure (positive) to avoid increase in oscillations or the work done on the structure (negative) to maintain the oscillations, W p denotes the propulsive energy produced (positive) or the propulsive work done (negative) to maintain a given speed, and, W a denotes the kinetic energy released in the ßow (positive). All the energies are averaged over one oscillation and nondimensionalized with respect to πρbU 3 . It can be shown that the total of the three energies is always zero, i.e., the energy released by one is absorbed by another. The complete ßuid-structure-propulsion system is thus conservative as expected.
Using the above expressions one can now plot the various energies as a function of the relative magnitude and phase of pitch and plunge for various reduced frequencies. Figs. 3, 4 and 5 show the contour plots for the structural, propulsive and aerodynamic energies (or work done) for variation in the α 0 (phase and magnitude, represented as the real and imaginary part). Reduced frequency is 0.25 andh 0 is Þxed at 1. In Fig. 3 it can be seen that the zero energy contour divides the α 0 -space into a stable zone and a ßutter region. Thus, aerodynamically, the system can go unstable only if one of the modes has a phasing which falls in the ßutter region of the Þgure. This plot is similar to that presented by Greidanus 7 and can be related to the aerodynamic energy concept of Nissim. Fig. 4 shows the various possibilities for thrust/drag for various phase/magnitude relation of the plunge and pitch. It is seen that for k=0.25 the thrust (and possibly ßapping ßight ) is possible for a small range of α 0 relative toh 0 . Finally, Fig. 5 shows the aerodynamic wake energy contours. It is the energy lost in the unsteady wake. The point to be noted is that the energy dissipation is different for different values of α 0 (relative toh 0 ). This being primarily due to the change in the unsteady circulation. Comparing the expression for the aerodynamic wake kinetic energy, one can see that for α 0 = −ik 1+0.5ikh 0 the circulation is zero and there is no unsteady wake. Thus there is no dissipation of energy into the wake and we have the aerodynamic energy going to zero for this value. This point is marked by the asterix.
It is interesting now to plot the "neutral" (zero energy/work done) contours for the various energies on the same plot. Fig. 6 shows the ßutter boundary, the thrust boundary and the zero aerodynamic wake energy point. A couple of observations could be made looking at Fig. 6 , viz., 1) the ßutter boundary and thrust boundaries touch each other and are tangential to each other at the common point, 2) the point where the two curves touch also corresponds to the zero energy release in the wake (corresponding to zero unsteady circulation). This is expected from the conservation of the total energy. Thus, there exists a "neutral" point, where the rate of change of all energies is zero. Another important observation is that even though ßutter mode and thrust mode can never be the same, they can come arbitrarily close to one another.
The plot of the thrust boundary and ßutter boundary is now plotted for various other reduced frequencies. Fig. 7 , show the energy "neutral" contours for k = 0.5, 1.0, 2.0, and 5.0, respectively. It is seen that as the reduced frequency increases the range of α 0 for ßutter decreases while the range of α 0 for thrust increases. The decrease in ßutter range is expected because an increase in k corresponds to a decrease in U , the aircraft velocity. The increase in the thrust range, is also expected as shown in Ref. 4 . It should be noted that, even though the range of phasing for thrust is increasing at higher reduced frequencies, the efficiency deÞned by the ratio of propulsive energy output to the structural work done (which is quite important in determining the efficiency of ßapping ßight) may decreases. 4 Thus, it is seen that a simple airfoil oscillating in incompressible ßow, shows the various energy transfer mechanisms as proposed in the present paper.
Energy Transfer Efficiency
As shown in the earlier section there are regions in the phase space that lead to induced thrust. The success of ßapping ßight though depends on the efficiency of energy conversion. Fig. 8 shows the efficiency of energy transfer (fraction of structural energy converted to propulsive energy) in the thrustproducing region at k = 0.25. The contours for W p are also shown as dotted lines. It is clear that the efÞciency of thrust generation tends to 1.0 as the mode nears the "neutral" point. But, the magnitude of thrust generated (per unit deßection) reduces. From the Þgure it is clear that (for the present example) if one operates at the maximum W p output level, the efficiency of energy conversion is only around 0.4 -0.5. Depending on the amount of thrust required and the range of motion allowed one can then try to Þnd the best efficiency for the required thrust. Fig. 9 shows the energy transfer efficiency for the ßutter mode. It is the amount of energy transferred from the propulsive power plant to the structure. Again, one gets high efficiency near the neutral point but the strength of the instability (W s ) is lower.
Actual Aeroelastic Mode
The results presented above were all generated by considering simply the aerodynamic characteristics of the model. It would be interesting to see how the actual modes of the system relate to what has been presented.
Let us consider that the 2-D airfoil is connected to a base via plunge and pitch springs. The equations of motion of the aeroelastic system (assuming the springs are connected to the midchord and the center of mass is also at the midchord) can be written as,
where, m h and I α are the airfoil mass and moment of inertia, k h and k α are the spring stiffnesses for plunge and pitch. Again, assuming sinusoidal variation in the pitch and plunge as,
one could write the equations of motion in a partial nondimensional form suitable for aeroelastic analysis using the k-method as,
where, ω is the frequency of the mode, g is the artiÞcial damping introduced to maintain harmonic oscillations, and the other parameters are deÞnes as,
Using the above equations, one can Þnd the aeroelastic modes of the system at various reduced frequencies. The k-method gives the modal frequency (ω), the modeshape ({h 0 , α 0 } T ) and the artiÞcial damping (g) required to maintain harmonic motion for the aeroelastic modes. The modal frequency and artiÞcial damping is plotted with respect to the reduced velocity ν =
The reduced velocity where the artiÞcial damping becomes positive gives the ßutter reduced velocity. One can calculate the actual ßutter velocity (U F ) and the ßutter frequency (ω F ) from the reduced velocity and the eigenvalue. Fig. 10 shows the change in aeroelastic modal frequency and artiÞcial damping with increase in reduced velocity. The example uses: ω h = 1.0, ω α = 2.0, µ = 20, and, σ = 0.5. It is seen that one of the modes goes unstable at ν F = 2.844. This gives us ω F = 1.4103 and U F = 4.0108. This is the normal ßutter analysis using the k-method. Now let us look at the same result using the new perspective. We need to compare the modeshape of the actual aeroelastic mode with that required for ßutter or thrust mode. Fig. 11 shows modeshapes of the aeroelastic modes at various reduced velocities. Also, plotted are the boundaries of the three possible types of mode. At low ν only one mode is seen on the plot as the other mode (pitch-dominant) is out of the plot scale. The plunge-dominant mode is seen to be a thrust producing mode. In fact, this mode stays a thrust producing mode for all the reduced frequencies shown. The pitch-dominant mode comes within the bounds of the plots from ν ≥ 2.0 onwards. It is clearly a drag producing stable mode for low ν. As, the ν increases the mode comes closer to the ßutter boundary and as expected (from ßutter calculation of ν F = 2.844) it crosses into the ßutter region by ν = 3.0. It moves within the ßutter boundary for higher ν and seems to be going towards the neutral point.
Thus, using the energy approach one gets more insight into the ßutter problem and can directly predict thrust producing modes. How a designer uses this added insight is open for discussion.
Flutter and the Propulsive Energy
It is clear that when the wing ßutters, the energy comes from the propulsion, i.e., when the wing starts to oscillate in the ßutter mode it leads to increase in the drag. Thus, to maintain the velocity the engine needs to increase the thrust and this is the increase in energy expenditure that results in ßutter and increase in structural (and ßow) energy. This phenomenon is not obvious if the airspeed (U ) is assumed constant while solving aeroelastic problems as is usually done. With the assumption of constant velocity it is implicit that whatever thrust required to maintain that velocity is provided by the engine. And thus in a conventional aeroelastic analysis the energy provided by engine to the ßow is missed and it seems as though the ßow produces the energy required to drive the system unstable. Now, it is interesting to point out that in actual ßight the thrust is not increased to maintain the ßut-ter speed but rather the thrust is kept constant (as required for steady trimmed ßight). If this is the case then, as the system starts to ßutter, the drag on the aircraft will increase and the aircraft will decelerate. What happens in a dynamic sense is being investigated at present, but one can see the problem is now coupled between the airspeed and the oscillation amplitude. The airspeed determines the stability of the wing and thus the motion of the wing (whether it will be damped or it will explode exponentially). On the other hand, the amplitude of oscillation determines the drag on the aircraft and thus the deceleration (or acceleration) of the aircraft.
The solution of the above problem is not trivial, because, if the speed is greater than the ßutter speed then the aeroelastic analysis dictates that the there be an exponential increase in the amplitude of vibration. But as the amplitude of vibration increases so does the energy lost to the aerodynamics and into the structure and thus there is increase in the drag (exponentially). Which means the aircraft has to decelerate to a point below the ßutter speed. But if it does so, then the ßutter vibrations will go down and so will the drag and the ßight speed will increase towards the trim ßight speed. Thus there seems no possibility of a steady state. One possibility is if the aircraft goes down to a critical speed and oscillates at an amplitude which leads to loss of energy in aerodynamic wake equal to the excess of propulsive energy. Other possibility is a periodic solution which involves periodic change in the ßight velocity and the amplitude of vibration. A chaotic variation in the ßight speed and oscillation amplitude cannot be ruled out either.
Conclusions
An energy transfer mechanism is investigated which explains wing ßutter and ßapping ßight in an integrated framework. Such a framework is helpful in recognizing the various sources of energies and accounting for their changes. Using this integrated framework a few conclusion can be drawn,
• The energy for ßutter comes from the propulsive unit in the aircraft. It does not come from the ßow, though the propulsive energy may be transferred to the structure via the ßow.
• It has been shown that ßutter always leads to drag and thrust producing modes are always stable.
• The ßutter region (in terms of the relative phase of the pitch and plunge) is separate from the thrust-producing region, but these two regions are tangential to one another, touching at a "neutral" point where there is no energy transfer.
• The ßutter region decreases with reduced frequency while the thrust-producing region increases.
• The efficiency of ßapping and the level of propulsive power generated depends on the phase of the mode.
• The actual modes of an aeroelastic system move (with change in velocity) relative to the energy curves, and may change from one type of mode (ßutter with drag or stable with drag or stable with thrust) to another.
• The drag induced due to oscillations at ßutter will probably lead to a complicated behavior in terms of the airspeed and the ßutter oscillation amplitude
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